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- PREFACE

-

The problem of communicating through a re-entry plasma
arése out of a study being done by the George Washington
University School of Engineering and Applied Science under
the direction of Professor R. B. Heller for the National
Aefonautics and Space Administration, Laﬂgley, Virginia.
Propagation through re-entry plasmas, the topic of this study,
is intended to serve as a contribution toward this effort.
Lengthy qomputerized computational procedures‘have beén
utilized in the past to solve the inhomogeneous second order
wave equation and thus predict propagation losses in an
ihhomogeneéus media. This study presents a technique yield-
%ng approximate solutions that may be calculated without the
iuseyéf a computer or lengghy computational procedures.
Accuracies to witﬁin a few perceﬁt of those due to lengthy
computer runs are obtained.

The re-entry communications problem is a serious one
\résul£ing in complete communication blackout during critical
phases. of space missions. It is the purpose of this study
to develop, via an invariant imbedding technique, a means of
predicting signal losses through an inhomogeneous re-entry

plasma.
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I. Introduction
This study treats the problem of predicting electromagnetic propagation
losses encountered between a spacecraft and ground station during spacecraft

re-entry conditions. The problem has been shown to be a serious one result-

-ing, for many cases, 'in a complete communications "blackout" between

spacecrait and ground.

As a spacecraft enters the earth's atmosphere at orbital or greater veloci-
ties its kinetic energy begins to be dissipated in the form of heat due to
friction with the surrounding atmosphere. At a certain point during re-entry,

as the spacecraft nosecone and adjacent gases éreatly increase in temperature,

~ partial ionization of the surroundihgvatmospheric, gases takes plac'é . In this

ménner, ‘a plasma is formed comprised of the bositive‘and negative ions
extendipg rearward and outward from the spacecraft nosecone. The plasma
is always inhomogeneous in nature and its> physical extent and electrical
parameters are functions of the vehicle shape and trajectory. It is the goal

of this study to determine the propagation characteristics (specifically,

‘transmission loss) of electromagnetic energy through this inhomogeneous

plasma engulfing the re-entering spacecraft.

e The task has been broken down into two main problem areas. First,
the physical and électrical éharacteristics of the re-entry plasma were
established and second, a computational procedure was developed to calcu-
late the propagation characteristics. The re-entry plasma characteristics
were determined by performing an extensive literature survey covering both
theoretical and measurement techniques used to describe the nature of the
plasm.a. The propagation computations were cérried out by applying the
principles of the invariant imbedding procédure to the solution of the wave

equation in an inhomogeneous plasma. lastly, the Riccati type differential

equation resulting from the invariant embedding approach was solved, using

certain approximations, to yield values of reflection from and transmission

through the inhomogeneous plasma region formed about a re-entering

spacecraft.

i




II. Physical-Processes During Re-Entry

. As a missile or spacecraft re-enters the earth's atmosphere at orbital
or greater velocities a plasma sheath is formed on its surfvace, degrading
noﬁnal electromagnetic communications. The plasma sheath is created as
' ~a consequence of the-vehicles kinetic energy being dissipated into the ‘
surrounding atmosphere in the form of i:zat. Usually, the plasma cuapletely
surrounds the re-entering vehicle and extends far back into its wake. The
extent of the plasma sheath has been found to-be very much dependent on
the vehicle size, shape, and entering velocity.. Figure 1 depicts a vehicle

re -entefing the earth's atmosphere along with its accompanying plasma

| sheath. The following description provides a detailed account of the plasma
formation process. _ »

At the beginning of theé re-entry sequence, the pressure in front of a
vehicle builds up to more than a thou'sand.times its normal value (several
thousand psi), at the same time the surrounding gas temperature increases -
_ by tens of thousands of degrees in a time span of about 20 microseconds.
This process is so severe and rapid that some of the chemical components

of the surroundlng atmosphere particularly NO (Nitric Oxide), overshoot
‘ equ1hbr1um condltlons and become lonlzed That is, electrons become
excited and are stripped from their parent atom . Thus, a hot ionized gas
composed of positive and negative charges, or plasma, is formed ﬁear the
front of the re-entering vehicle. The plasma then flows back along the
body of the vehicle in a few tenths of a millieecond, expanding as it pro-
‘gresses, completely surrounding the'vehicle . It is known that for blunt
nose .vehicles the plasma is formed mainly in the region of the nose. For
the case of a thinner or sharper nosed vehicle the plasma is formed for the
most part by frictional heating occuring along the sides of the vehicle.

The problem ofv accurately predicting the composition of a re -entry
plasma is quite difficult if not beyond the state of art in many instances

(particularly during planetary re -entry conditions). This problem is greatly
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complicated due to the production and re-combining of ions from many .
different gases present in the plasma. The effects of the_rmodynamics,
aerodynamics, and hot parﬁicles stripped from the vehicle nosecone by
ablations must be considered simultaneously to obtain an accurate
, _representation of the plasma composition.

Despite all these difficulties, accurate estimates of plasma properties
have been made for several practical situations. A summary of typical
re-entry plasma characteristics gathered from several different sources is

presented later in this study.




1II. Plasmas and Their Descriptive Parameters o

Refore proceeding‘ further, a closer examination will now be made of ‘
what has been termed a "plasma." Plasmas will be categorized in this
section in terms of "warm, " "cold," "isotropic," and "non-isotropic."

In addition, the quantities most comr'noglly used to mathematically describe
plasmas will be presented and discussed. A brief introduction to a plasma
and its descriptive parafneters will be given. A certain degree of knowledge
concerning plasmas and their mathematical descriptors is necessary in
order ;co fully understand this study.

A plasma may be defined as a collection of positively and negatively
charged particles free to move about, and approximately equal in number.
Thus, an ionized gas, previously shown in this study to be created during
spacecraft re-entry, can be classified as. a blasma according to the
definition just stated. . It should be noted that both types of charged
particles need r;ot be capable of movement in order.toAsatisfyA the plasma
definition. This occurs for the case of ionized gas where it often happens
, that a rapidly varying electric field can easily move free electrons but has
Ve;”y little effect against the inertia of the much heavier ions. The plasma
may also contain neutral par;cicles .

The two quantities most cofnmonly used to analytically describe
properties of the type of plasma éncountere'd in this study are the éollis'ion

frequentlyv , and the electron density, N Other useful descriptive

e
quantities that can be derived from the collision frequency and the electron
density are the plasma frequency, wps cyclotron frequency, w, and the
Debye length, {4. Each of these quantities is defined in the following list:

Collision Frequency. The mean free path length of an electron, A,

is the average distance traveled between collisions. The collision
frequency of the electron is defined as the ratio of the speed of the electron,
u, to its mean free path length. Therefore, '

u (spéed) ‘ (3-1)
X (mean path)

V (collision frequency) =



- Electron Density. The electron density, Ne' can be defined simply

as the number of free electrons present per unit volume.

Plasma Frequency. The plasma frequency, w D is a quantity that is

commonly used to describe or classify a plasma. It is defined by the

relation:
Ne e? (3-2)
wp T4 meg
where Ng = electron density

]
11

electron charge

electron mass

5
It

€ = free space permittivity

Cyclotron Frequency. Another quantity sometimes used is the cyclotron

frequency' defined by the relation:

E\Q-r‘,“ . . — eB. . (3"‘3)
' WBT "m

where B, = magnetic field present

4 Debyé Length. The Debye length, 1d' for a given plasma represents

the trans1tlon dimension between macroscopic and mlcroscoplc effects.
 This means that the Debye length must be very small in comparison with
the physical dimensions of the plasma in order for plasma characteristics,

as used in this study, to be valid. The Debye length can be expressed

‘ €0 KT (3-4)
Debye length (ld) = N ‘
e

A%

" by the relation:

where K = Boltzmann's Constant

T = plasma temperature (°K)

A "warm" plasma, sometimes referred to as a compressible
plasma is realized when the wavelength of an electromagnetic wave under
consideration is less than the Debye length. In this type of plasma,
propagation arising from the longitudinal compression and expansion of

electrons may be present in addition to the more familiar transverse modes.




In a “cold" plasma the electromagnetic wavelength is greater than the
Debye length. Only transverse modes of propagation are pdssible for this
type of plasma. | '

Anisotropic plasmas exhibit the usual characteristic where the
,permittivity must be expressed as a tensor. The anisotropic beha{f"or
occurring in plasmas comes about as a consequence of the application of
an ektemal magnetic field . In this study the earths magnetic field tends
to make re-entry plasmas an anisotropic media; This effect will be
'shown to be small in most practical cases, némely it is nearly isotropic for

short distance effects.

B



v Re -Entry Plasmas |
Figure 2 illustrates the relationships between several of the plasma
properties just described for a re-entry plasma sheath. The lines labeled

Iq are the loci of constant Debye length. The plasma frequency and electron

‘densgity ave plotted along the vertical axis and the temperature and electron

velocity are shown along the horizontal axis. The B labeled lines represent
the minimum magnetic field strength that must be present to significantly
influence the re -entry. plas_mé characteristics, making it manifest aniso-
tropic¢ effects. ' |
Ré—éntry plasmas can be seen, from the relations of Figure 2, to typi--

cally exhibit "cold" characteristics since commonly used communication -
wavelengths are much greater than the possible Debye lengths for the re -
entry plasma. In addition, it can be ded.ucéd from Figure 2 that a typical
plasma will exhibit isotropic characteristics. This is true since the earths

magnetic field,"‘ less than a few tenths of a gauss, is much less than the

- values indicated by the minimum required B field lines. Hence, a re-entry

plasma will, in many cases, appear cold and isotropic.

Spacecra‘ft or missile re-entry velocity versus altitude profiles are
shown in Figures 3 and 4. The figures show relationshipls for orbital, lunar,
and interplanetary missions. The sources of the profile information are
given in the figures. ’

Figure 5 shows electron density, Ne, and collision frequency, v, as
a function of re-entering spacecraft altitude and velocity. The plasma
frequéncy and collision frequency can be found as a function of altitude, '
and various missions, from the relations of Figure 6.

The plasma pfoperties at any point during the vehicle re-entry pro-
cedure can be found from Figures 3 through 6. First, re-entry altitude and
velocity values can be found for any desired position during re-entry from

Figures 3 and 4. Next, actual plasma parameters can be found by

applying the altitude and velocity just obtained from Figures 3 and 4 to
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the relations of Figures 5 and 6.‘ In this way numerical estimates of
re-entry plasma parameters can be obtained at any pdint for various types

of spacecraft missions.

-
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V. Computation Procedure .

The invariant imbedding computational procedure used in this study
to calculate transmission losses through an inhomogeneous plasma begins
with fundamental wave propagation properties. First, the_reflectioh and
transmission properties of an electromi ynetic wave at a single boundary
will be determined. Next, applying the principle of localization, the problem
just solved will be imbedded in @ nonhomogeneous medium (re-entry plasma)
where the relation between two such surfaces separated by a very small
distance (Az) is determined. Finally, the lim.it is taken as the distance
) between the two adjacent problems approaches zero. A Riccati type
differential eQuation is g‘enerated that describes the electromagnetic

propagation through a inhomogeneous plasma.

Wave Propagation. The well known wave equation describing plane

waves in free space can be expressed as:

=

9® E+k® E=0 (5-1)

where E = electric field vector

k = propagation constant

The solutions for this type of wave équation are of the form

E=E, eJ‘(wHkZ)

where w= 27f
t= time (5-2)

-

Iy = a constant vector

z is in the direction of propagation and the minus sign denotes a forward
' traveling wave and the plus sign a backWard traveling wave. For a
nonhomogeneous media the same basic form of the wave equation applies
except that k = k(z) and the solution can no longer be simply determined
as in the homogeneous media case. The propagation constant k is no
longer constant (varying with z) and will henceforth be referred to as the

propagation factor.




Typical re-entry plasmas were shown previously' to be isotropic but

nonhomogeneous in nature. Relations describing the propagation factors

for "cold" and "warm" plasma regions are presented below:

@

- cold plasma

k=w[J5€, [n+jc] (5-3)
where «, the absorbition coefficient is . ,
. 1
AR Y- 2
o = Im [ ]~ (“‘(“/‘”) ] (5"4)
1 ~jV/w '

and n, the index of refraction can be expressed as

: + .
- L wp/e)® T E , 5-5
n=R, |1 R (5-5)

warm plasma _ ©

(wp/w )2
1-3V/w <
Im (5-6)
T _ 1- (wp/w)® KT
‘ L (1= j/wP m

it

.
it

ol

- Awp/w)®
1 - j\g/“_" .
n = Re (5-7)

(vep/w)? KT
(1 =j¥/w)® me2 )

|

where m = mass of electron

It

¢ = speed of light in a vacuum
K = Boltzman constant -
T = Kelvin temperature

= collision frequency
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Transmission and Reflection at a Single Boundary

The first step of the invariant imbedding process is' to determine the
reflection and transmiséion from a plane boundary separating two semi-
infinite homogeneous.plasmas as illustrated in Figure 7. The incident
_.wave is assumed to a plane wave traveling in the z direction and an

electric field component only in the x direction as shown in Figure 7.

t ::.B__E_)
o2z

are continuous. This boundary condition canbe derived from Maxwells Equa-

At the boundary between the two plasmas, E and B (i.e., E

tions as follows:

!

Fo2B (-

where B = magnetic flux density

applying Stokes Theorem,

M é&v x E)«ds =J~T»E-d2 (5-9)
E-df =-9 & B-d§ - (5-10
§E ai §>at 5 )

taking the line integral around the rectangle shown in the figure below

gives
Ejs
- r_ ‘
r E,0+E,1+E, A-E.1=9E.d¥
T i WL 2 8 “0 ) (5-11)
._Eg ! : B (BB'B4).I=?E'dz
] A
E,
1
o a bk

The area of the rectangle is zero since two sides are of length A and

therefore the contribution from a finite timz changing magnetic flux is zero.
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~ Hence, ‘ ,
(EB—E)L~$E di = § B-d5 = (5-12)
(Ez ~E4)4 =0 (5=i3)
or | Eo = E. . (co'nfcinuity of E)

The continuity of E' will now be established starting with Maxwells

fourth 'equation ;

o
w)

xH=1+

|

(5-14)

OJ
-+

Continuity of H can be established from a process similar to that just
used for E, so the proof will be omitted here For a sinusodial time

variation Maxwells thlrd equation

= 2B _
vVxE= 3t (5-15)
can be changed to Vx E = -jwu H
: ’ _ AA A o
expanding v x E into its X, Y, and £components gives
a._E_'i 2fy ; E' aEZ Y - c)‘E\( ok x 2 = o Wj-&\'i
(SY'"’%) + (5 ) (3‘; w‘”:()
since E, = E, = O, and variation is only in the z direction (-—-»——a—- = O)
z Y 3X QY
this equation reduces to
0Ex .
— 2 - 5—17
Sz jwpHy (5-17)
or, E' =CH C = a constant (-jwy)

Thus E' must be continuous at the boundary since continuity of H has been

previously assumed to be developed.



Due to continuity of E at the boundary, the sum of the incident and

reflected waves must equall the transmitted wave,

Ey o) (et=%, B) 4 E; ol (wt+ ¥z) o Ep el (wi-Xe2) (at boundary) (5-18)

omitting the common factor eVt for simplicity‘
Ejeihaz g g oikaz o gy g2z o (5-19)
letting thé boundary be atZ= O
E;+E=E. (5-20)

Differentiating equation 5-19 with respect to z yields

ik Ej e TRZ 4 1 B effa? =ojka By e i¥ez (5-21)
at Z= O this becomes

~j¥y By + jKy Er = -jka By . _ (5-22)

e
Multiplying equation 5-20 by ¥, ; equation 5-22 by -1, and adding with

equation 5-22 gives

ki Ej+ kB = ¥, B

(5-23)
Ky Ej = % Ep = Xz E¢
OZKlEi =‘\<1Et+':‘\2Et
thus, the ratio of the transmitted wave to the incident wave is
Be_Zh N LY

20



The reflected portion of the wave' can be found by dividing equation 5-20

by E; and using the results of equation 5-24.

1+ 0.2 Bt (dividing 5-20 by Ej)
E E; ,

| ¢

Er 2k (using 5-24)

+ = T
1 E: *"\1.‘}"?\8

{

i

From 5-24 the reflected wave is found to be

EI‘ ‘kl - kz : ) -
—_— (5“'25) N
Ei ' }'\1 + ka oo

At this point, both the reflected and transmitted portion of a wave
resulting from the discontinuity between two semi-infinite homogeneous

plasma reglons has been established.

-Principle of Iooalization

' The principle of localization states that "a plane wave traveling
y tﬁfough an inhomogeneous medium proceeds as if there were an

instantaneous reflection and transmission at each interface of a stratum
- [z,2+4Az]. These reflections and transmissions occur as if the stratum
Were actually a semi-infinite homogeneous medium with propagation
constant k(z) at all points beyond z." This principle allows one to “imbed"
the oroblem just solved into an inhomogeneous media since at each point
the media acts as if it were constructed of two semi-infinite homogeneous
plasmas.

The problem just solved may be considered as a particular process
that is a member of-a family of similar processes. When the particular .
process is imbedded in an inhomogeneous media the functional relations
connecting different members of the family of similar prooesses may be
determined. In this way an insight is gained into the process that is

quite different than that obtained by consideration of the isolated
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process (i.e., reflection at a single boundary). 3
The next step in the invariant imbedding process involves determining
the relation between two adjacent problems and expanding this to describe -

propagation throughout the entire medium.

Invariant 1mbedding

The reflection and.transmission'coefficients previously developed for
one surface discontinuity will now be applied to determine the reflection
from two such discontinuities.

A very small section of width £z of the inhomogeneous media is depicted
in Figore 8. To the left of z the propagation factor is considered to be a
constant k. Inside the Az width the propagation factor has a constant value;‘
denoted by k (z + Az). Figure 9 depicts the various reflected wave compon-
ents and fheir propagation directions. The inc‘oming incident wave has been
- normalized to one in order to simplify the computations that follow. In order
to include the effects of all the zeroth and first order terms in Az, the re-
'flections and tfansmissions shown in Figure 9 will be taken into account.

Figure 9a accounts for the reflected E wava from the boundary at z.
Pioure"?b accounts for transmission through z, reflection from z + Az and
transmission back out through the boundary at z. In Figure 9c¢ the wave passes
through z, is reflected at z + Az, travels back to z where it reflected back
to z + Az and is again reflected a‘nd finally travels out through z. Matho—

matically this procedure can be written as follows:
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.

N

Rearranging, expandling ¢

multiplying both sides of this

results in
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The definition of a derative can be expressed as

C/L:Y :7\'\-— Vim \S\:\X'\BX\ RN
dx M-aol A X

 For the case of the reflected electric fleld this

expression becomes

" - s 7.4 . EYQY\
g s hwm } Bfzadey - WP X (5-29) -
AZ

By applying thls definition to the various parts of
equation (5-28) and taking all the limits, equation

(5-28) converges to

LKE - K ogl (5-30)
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a Riccati type equation describing the resultant electric field to the left of
the ﬁon»homogeneous plasma. '

The transmitted wave can be found by a similar procedure. Figure
10 depicts the reflected and transmitted components that need to be con-
sidered to include all terms in the zeroth and first order in Az. The
first component of the transmitted wave passes through z and then z + Az
as shown in Figure 10a, ‘The second component illustra»te‘d by Figure 10b
passes through z, is reflected at z + Az and again at z, and finally emerges
througfl z + Az,

This process can be described mathematically by the equation

* transmitted travel to transmitted wave o
at z z + Az at z + Az
M‘J\_A r—» PP N f‘w-.-/\,_ﬂ,,w_.
Bty & SNSDL LSRN Ly (see Figure 10a)
K zy %\ 24 8) ot
transmitted  travel to refl. wave travel to z
through z z+ Az at.z + Az
) e N P S P RN (s
Sl LR RN O JRCZAnY (62
oRtEL vt R, E (2 bz).y’ ’ )

kayakQzatyy

reflection travel to . transmitted wave
at z -zt Az - atzt bz
T —— e AT P e P ey
Kizang) ~Wix S hNEAb by
LOABNRI RN e €.(2.b2) (see Figure 10b)

kK rabz)y 4 bR

. (5-31)
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Dividing this equation by Az -and taking the limit as Az = 0 using the same
procedures as was done in the previous reflection case (equation 5-29)

gives

o \< - k! . : 5-32
Bl (F - B K - v )E e

where ET now represents the transmitted wave .
Thus, a Riccati type differential equation representing the

reflected wave |

e
A

R L T

< &N

\ Ef‘l ' . (5_30)

Y\' .

2

|

and the corfesponding equation for the transmitted wave

&R QK

£l (N - By B iW) By (5-32)

have been derived for an inhomogeneous plasma using the principles of

invariant imbedding.

The type of differential equations just derived for the reflected and
transmittéd waves are solvable using bomputerized techniques, and are
bei,ng done by Dr. R. Heller, of GWU. This avenue of solution will not be
explored in this study but instead, certain approximate analytical solutidns,
already developed, will be employed in the next sect-ion to give numerical

answers to the re-entry plasma propagation problem.
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VI. Transmission lLosses Through the Re-Entry Plasma

In the preceding section, differential equations were developed
describing the reflec’_cicin from and transmission through an inhomogeneous
plasma. In this section these equations will be solved, under certain
conditions, for propagation losses actually encountered during re-entry
communication procedures. Two previously developed approximate
solutions to the Riccati equation for the transmitted wave will be used to

predict transmission losses through the plasma: The re-entry plasma

characteristics will be taken from the information gathered in the first

Y

part of this study. _

The appreximate solutions [ 8] to the Riccati equation for the trans-
mitted wave (eq. 5-32) mentioned above are called the Bremmer approxima-
tion and the MSG (Mobere, Schiff, Glauber) epproximation. These
approximationst were generated by starting with an assumed solution to the
Riccati differential equation and then porforming successive iterations

to obtam a more accurate solution. ThlS procedure is quite lengthy and

'1s completely developed in reference [83 The following paragraph dis-

cusses the restrictions that must be placed on the re-—entry plasma in
order to make the approximate solutions valid.

If a plasma composition is approximated by the characteristic

Nefz) = Ne & | (6-1)

i

where z

h

distance within plasma

plaéma thickness

and by

v(z) =v = constant (6-2)

the Bremner and MSG approximations in the form expresed below, may be used

to solve the transmission equation (equation 5-32). The first restriction

The development appears on pp. 37-72 and the final results
in the form used here are shown on pp. 89,90.




z .
on the plasma Ng = Ng ;; (eq. 6~1))simply means that the electron density

varies linearly from a maximum value , Ng. at the space vehicle skin to

zero at some distance h., v(z) =v states that the collision frequency is

assumed to have a constant value throughout the plasma.

Under the above conditions the Remmer approximation can be .

expressed as

Vg ®

el

w ax'axw- ) - (6-3)

£ X K b e e
poCyKn IR S

where TB = Bremmer transmission
' coefficient

K = relative propagation factor
K,=w /7?524

h= pla.sma thickness

L

and the MSG approximation may be written as

v *

¥

Approximation

MSG

Bremmer

T -2 w.op &L (6-4)
MSG = i exp (kb == ) |
The accuracy of these two approximations [ 8] is shown in the table below.
Relative Error-in
Amplitude Phase
Error :
zero ' (Ko * /8K, *) K, h
Ko * /12K, * ’ Zero

It can be seen that the MSG approximation is preferréd where the amplitude

errors are of chief concern and the Bremmer approximation is superior

where phase errors are critical.

A sample calculation will now be made to illustrate the computational

procedure .
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* First, an altitude - velocity point is determined from Figure 3 or
Figure 4. Choosing an altitude of 250 Kilofeet from Figure 3 gives a
velocity of ap'proximately 24 thousand feet per second for an orbital re-
entry vehicle. Using these values, the collision frequency, v, and the
electron density can be found from Figure 5. The propagation factor V can

then be calculated from the previously presented equations

K= wai g, Dne ye) S )

where o, the absorbtion coefficient is

\

. . - . n ) ‘ )
a: Im | - S Welwd } RV ,\\ Ne &t (6-6), (6-7)

Ve Y e ¢ v €.

and n, the inde;c: of refraction is

-«

e

< UJP/(.U)I“

h: Re \ \ - ";'“"*'j’“g';,‘; . } ’ (6—8)
. -

“where” w = 27f rad/sec

wp = plasma frequency, cycles/sec
v = collision frequency, collisions/sec
Ng = electron density, electrons/meter3

e = electron charge, columbs
m = electron mass, kilograms

free space permittivity, farads/meter

m
.0
il

Or the plasma frequency and collision frequency may be determined directly
f}om the curves of Figure 6 where for 250 kilofoot altitude it can be seen that
wp > 9x10° cycles/sec, andv=> 7 x 107 collisions/sec. The index of
refraction and absorbtion coefficient can be found directly, without the use

. of equations 6-6, 6-7, and 6-8 by computing the ratios (ff;, v/wp, aﬁd
using the relations of Figures 11 and 12 respectively. Assuming a frequency

of 10 KMhz (x band)
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and therefore

T =

1=

w oo Wx1G (6-9)
Wp 9 x 10 .
7.
v o _1x10 , = .00124 (6-10)
Wp 27x 9 x 10
from Figures 11 and 12
= ,25 dimensionless (6-11)
2 .
o = 2x107 dimensionless (6-12)
-2 -
K = .25+j2x10 (6-13)
Using the MSG transmission coefficient expression gives
2 ' <) 6-14
Smexye Cy KW S (6-14)
P T
2 an x1a'" 2S5 4 J:"‘(.-‘C-"z* | (6-15)
e LA L LD WSS )
L% .25 45 axj0% - Txi1oN G

The plasma thickness, h, about a spacecraft ['4] is typically taken to be

approximately one halp the diameter of the spacecraft. Assuming the

“spacecraft is two meters in diameter a plasma thickness of one meter is

Then

present.

.T'.

-

‘\,

-

e e gt

SR8y Aaxio”

M
.

Crp (_&

L) tb'
<Y YU

T

Txi0"

*
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®

)

(6-16)
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|ty = .197 = -7db (6-17)

Using the Bremmer approximation

-

‘ g W - - L
Tr oW oxp R SR
' S ' Ik S
: o 10" g 16400 - 25 - 00
- “ [N i o A -\.“\.1‘)_,‘ - .02 - _ ‘
1 = \.95—\3 .c?,]d ey P { y e ..,M.:W«.«mem,",,w_,,mr_g (6-18)
I X0 4 [ ’i‘@?‘~)> 4 é
] = .125 =-6.3db o (6-19)

The difference‘be;twee‘n these two approximations is .7 db or about 17
‘percent. | : ‘
The effects of plasma propagation loss as a function of frequency
',-hav*e been calculated using the MSG approximation and are plotted in
¥ Pigﬁre 13. The calculated prppagation lo'&j,s as a function of spacecraft
position is shown in Figure 1’4. Figufe 13 depicts the critical region
between communication and blackout {10 db to 20 db)for an earth orbital
re-entering vehicle at an altitude of 250 kilofeet. The critical portion
of the plasma propagation loss versus frequency relationship is shown in
Figure 14 for a 10 KMC communication frequency.

Both figures demonstrate that blackout occurs rather abruptly, with
respect to both fréquency and altitude, as a spacecraft re-enters the earths |
atmosphere.

A A comparison between the computed results of the invariant imbedding
techniques using plasma parameter values specified in this study, and other
results is shown in Figure 15. It can be seen from the figure that the
invariant imbedding technique prodicts Apollé re-entry blackout close to
positions of the other predictions and measurements. The invariant imbed-
ding approach appears to be conservative, predicting blackout slightly before

(5 to 10 K ft) it actually occurs.
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VII. Summary

In this thesis an inva;riant imbedding technique hasrbeen developed
to predict propagationﬁ losses through an inhomogeneous plasma. The |
development began by discussing the reasons why and thé corres ponding
conditions under which a plasma is formed. Next, the general nature
of plasmas and their descx‘iptive parameters are discussed. Then, the
results of an extensive literature survey are presented, providing
numerical values to thé various plasma parameters that describe typical
spacecraft re-entry situations.

At this point, the invariant imbedding computational procedure is
dévelopéd in térms of the inhomogeneous plasma descriptors. A Riccati
type differential equation describing propagation through the plasma
results frém the application of the invariant imbedding techniques.' This
type of equation lends_' itself to computérized solution (being pursued by
~ Professor R. B. Heller at GWU) but two analytical approximations [sl

developed elsewhere are used in this study to arrive at solutions.

In the final chapter, the actual plasma parameter values ocduring
;iuripgf re-entry situations are used as iﬁputs to the expressions of the
previous chaptér to predict the magnitude of propagation losses. These
losses are computed for several gituations and are presented in terms

of decibels over free space loss. Finally,. the blackout and acquisi’cioﬁ
points computed from the invariant imbedding technique and data col-
lected in this study are compared with calculated and mzasured values
taken from other sources. The results of the comparison show the values
obtained from this study to be in fairly close agreement with the other

.predictions.
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